We report on two effective methods, multiparameter optimization and local optimization combined with the diffraction bandwidth merit function, to design a broadband pulse compression grating (PCG), and we present broadband, high-efficiency PCGs based on both the multilayer dielectric grating (MDG) and metal-multilayer dielectric grating (MMDG) models. For MDG, the average diffraction efficiency is higher than 97.5% for TE polarization light over the 100 nm bandwidth centered at 800 nm. Moreover, a novel multilayer structure, which comprises higher index material in the highreflectivity mirror and relatively lower index material on top, is first proposed to yield higher average efficiency, broader bandwidth, and excellent fabrication tolerance. For MMDG, it exhibits an ultrabroadband top-hat diffraction spectrum with average efficiency exceeding 97% over the 200 nm wavelength wide centered at 1053 nm. In addition, the MMDG structure, which has the best tolerance for grating fabrication, is determined by investigating characteristics of MMDGs with different thin-film structures.
Introduction
The application of the chirped pulse amplification (CPA) technique [1, 2] has dramatically increased the intensity available with a pulsed laser. To provide large output energy in a CPA system, the pulse compression grating (PCG) should satisfy the requirements of high diffraction efficiency (DE) and high laser-induced damage threshold (LIDT). The multilayer dielectric grating (MDG) [3] [4] [5] , which satisfactorily meets such requirements, has widely replaced the traditional metal grating in the high-power laser system. In recent years, most research on the MDG from the viewpoints of design and fabrication mainly focused on improving its performance on both the DE [4] [5] [6] [7] [8] [9] and LIDT [10] [11] [12] [13] on the wavelength used. However, in the ultrashort, such as fs, pulse laser system, lightwave comprises wavelength over the broad spectrum band, and, therefore, the new requirement for PCG to provide broadband diffraction spectrum arises.
The design and fabrication of a broadband, highefficiency MDG is challenging work. It is well known that the reflection bandwidth of a multilayer dielectric high-reflectivity (HR) mirror is narrower than that of a metal HR mirror, and it severely restricts the ultimate diffraction bandwidth of MDG. Furthermore, guide-mode resonance (GMR) [14] , which would destroy the pulse spectrum shape and significantly decrease the LIDT of MDG [15] , would be excited, especially when the spectrum of incident light covers a broad wavelength band. Besides, the widest bandwidth of MDG with high efficiency is only 40 nm centered at 800 nm [16] [17] [18] because there is no effective design method reported in the literature, and such bandwidth is insufficient to meet the requirement in a fs pulse laser system, which needs near 100% efficiency over 100 nm bandwidth wide. Therefore, it is necessary and important to develop an effective method to design a broadband, high-efficiency PCG.
In addition, the metal-multilayer dielectric grating (MMDG) [17, 19] , which provides high efficiency over a 200 nm spectral bandwidth, has been designed and fabricated to match the demands of the fs laser down to a 20 fs pulse duration. And the use of the MMDG model can effectively reduce the internal stress of a multilayer thin-film stack. It is also demonstrated experimentally that a metal-multilayer dielectric HR mirror has comparable LIDT with the all-dielectric HR mirror in Ref. [20] . And thus, the MMDG is a potential candidate for realizing the ultrabroadband PCG.
In this paper, two effective methods, multiparameter optimization and local optimization combined with the diffraction bandwidth merit function for designing a broadband PCG, are presented in detail. For the MDG, because there are several parameters that need to be optimized together, we employ multiparameter optimization to successfully design an MDG with a DE of >97:5% for TE polarization light over the 100 nm bandwidth centered at 800 nm. Meanwhile, a novel multilayer structure, which comprises a higher index material in the HR mirror and a relatively lower index material on top, is proposed to design the MDG with higher average efficiency, broader bandwidth, and excellent fabrication tolerance. For the MMDG, we used two methods to obtain an ultrabroad top-hat spectrum over the 200 nm bandwidth (from 900 nm − 1150 nm for TE polarization light) with efficiency exceeding 96%. Besides, through comparison of the DE, bandwidth, and fabrication tolerance of MMDGs with a different multilayer structure, we find the MMDG structure can provide an ultrabroad diffraction bandwidth and has the best tolerance for grating fabrication.
Design Theory

A. Multiparameter Optimization Design
In general, MDG is composed of the multilayer dielectric HR mirror and the surface-relief grating. The two subsystems are usually connected by a connecting layer, which is named the match layer in this paper, as shown in Fig. 1 . Wei and Li [21] have expounded that the match layer would provide some phase matching in order to obtain a high efficiency of MDG in the −1st diffracted order. Besides, in the typical two-layer leaky-mode resonance grating model proposed by Flury et al. [22] , the second layer, named the buffer layer, in an all-dielectric grating plays a role similar to the match layer. Consequently, all the grating models in our design consist of the match layer, because the MDG would conveniently provide high efficiency over broadband spectrally and angularly by changing the thickness of this layer, which would is demonstrated in a later section.
For the sake of convenient manufacturing, the most common form of the multilayer dielectric HR stack is chosen as ðHLÞ 9H, in which there are nine pairs of high-index (H) and low-index (L) material, and each layer introduces one quarter-wave of phase shift at the desired wavelength and angle. The choice of the corrugation period should consider the realizable optogeometric mounting of the CPA compressor and the GMR inhibition in the MDG system. Thus the period Λ and the incident angle θ are not optimized in the design process. Then all the optimizing parameters shown in Fig. 1 in this design include the groove depth t g , the residual thickness of the top layer t r , thickness of the match layer t m , the duty cycle f , and the reference wavelength λ r used for controlling the thickness of each layer in the HR mirror. Here we arrange all parameters as ft g ; t r ; t m ; f ; λ r g for convenience of description in the following context. In the MMDG, the thickness of the metal layer does not affect the reflection efficiency of a metal HR mirror when it is more than 100 nm thick, so this parameter needs not be optimized. Therefore, the parameters ft g ; t r ; t m ; f g are chosen for MMDG optimization design.
The merit function is taken to be a root mean square error function:
where the desired DE of each wavelength is set as 100% and R opt ðλÞ is its optimized counterpart by evolutionary strategies, such as the simulated annealing (SA) algorithm [23] , particle swarm optimization [24, 25] , and the genetic algorithm [26] . N is the number of wavelength points. The Fourier mode method (FMM) is employed to calculate the grating's DE. In this paper, all the multiparameter optimization design results are based on the SA algorithm. This multiparameter optimization design method can also be extended to other special diffraction spectrum designs, such as the GMR filter and the dual-wavelength sampled grating. Besides, one can use the angle to replace the optimization variable wavelength to design a special diffraction angular spectrum of the gratings.
Moreover, as a powerful design technique, the needle optimization technique can be used to optimize aperiodic HR multilayer coatings in MDG by adjusting the thickness of each layer and changing the layer number of the thin-film stack. So combined with the needle technique, this multiparameter optimization design method would expect to yield better results and to improve, remarkably, the tolerance of each parameter. This part is ongoing because DE calculation is still time-consuming work.
B. Local Optimization Combined with Diffraction Bandwidth Evaluation Criterion
There are typically two characteristics in the previous designed and fabricated MDGs. Firstly, the light impinges onto the grating at near the Littrow angle, where high efficiency can be obtained more easily. Secondly, because the concerned wavelength bandwidth of MDG is narrow, the designed MDG providing high efficiency at the center wavelength can work well. Thus, such MDG can be effectively designed by local optimization.
However, the typical local optimization for PCG design is to calculate the dependence of the grating DE at the center wavelength on two grating parameters, such as groove depth versus duty cycle, groove depth versus the thickness of the top layer, and groove depth versus the material refractive indices. It is worth noting that the grating with parameters derived with local optimization only provides high efficiency at the center wavelength but does not always have broad diffraction spectrum band simultaneity.
In this section, an advanced local optimization is presented, by which the dependence of the diffraction bandwidth on the grating parameters can be shown. The merit function for the diffraction bandwidth is set as
in which Δλ is the wavelength interval for calculating diffraction spectrum and N is the number of the wavelength point at which the DE is higher than the evaluation efficiency (e.g., 97% for MDG or 95% for MMDG). The value of MF b denotes the final diffraction bandwidth. Meanwhile, the tolerance of the grating parameters is intuitively exhibited, which is meaningful for grating fabrication. Such a design method is still based on local optimization, and it hardly works effectively in the broadband MDG design because there are several parameters that need be optimized together. But it is effective for broadband, high-efficiency MMDG design because of the inherent ultrabroad reflection bandwidth of the metal HR mirror and the few parameters of the optimization process.
Multilayer Dielectric Grating
In MDG design, GMR exciting must be inhibited. It is revealed in Ref. [27] that reduction of the corrugation period is an effective method to avoid the GMR appearance in the required broad bandwidth, both in angle and wavelength spectrum. For an MDG design in the wavelength range λ 0 AE Δλ with no GMR, the maximum period Λ max is determined by the following two equations. If j3 sin θ i j > n h is satisfied,
otherwise,
where θ i is the incident angle (defined as a negative value), n h is the highest refractive index of the MDG material, and θ t is the maximum mode angle supported by the MDG structure, which can be calculated with waveguide theory. In our design example, the expected diffraction bandwidth is from 750 nm to 850 nm at the incidence angle of 57°, and the highest index of all material is 2.12. The maximum period is 560 nmð1788 lines=mmÞ calculated with Eq. (3) at θ t ¼ 60°. In order to ensure that the −1st diffraction angle is smaller than the incidence angle over the whole wavelength band, the final maximum period is chosen as 510 nm ð1960 lines=mmÞ with which the minimum deviation angle between incident and diffracted light beams is 1:17°at 850 nm.
As shown in Fig. 1 , the high-index material and low-index material of the HR mirror are HfO 2 (n h ¼ 2:12) and SiO 2 (n l ¼ 1:48) [17] , respectively. The material of the match layer is made of silica. The high-index material on the top layer is etched periodically, which would obtain high efficiency with the shallow etched groove [8] , and it is helpful for grating fabrication.
Minimum and maximum values of each parameter are set as f10 nm; 2 nm; 10 nm; 0:25; 800 nmg and f300 nm; 300 nm; 300 nm; 0:5; 880 nmg, respectively. The optimizing wavelength range is from 750 nm to 850 nm, and the interval is 5 nm, which means N ¼ 21 in Eq. (1). And the optimal result is f121 nm; 2 nm; 74 nm; 0:25; 863 nmg. Figure 2 shows the top-hat spectrum of MDG calculated by FMM. It is shown that DE exceeding 97% is over the 100 nm wide wavelength range (from 747:8 nm to 850:6 nm). The DE at the center wavelength is lower than that at both sides of the center wavelength, which means that the broadband spectrum benefits from the sacrifice of DE at the central wavelength.
The result in Fig. 2 presents almost the broadest diffraction bandwidth reported in the literature [28] , and it also demonstrates that the multiparameter optimization design method is effective for broadband, high-efficiency MDG design. However, such high-index values for an HfO 2 thin film is considerably hard to be obtained by e-beam deposition. If the refractive index at 800 nm is set at 1.96 for HfO 2 and 1.46 for SiO 2 , the diffraction bandwidth of MDG can hardly reach 100 nm, as shown in Fig. 3(a) . Although the high index can be realized by using other higher index but lower bandgap materials, such as TiO 2 or Ta 2 O 5 , it may take an inherently lower LIDT.
In the above MDG design, the high-index materials in HR mirror and in the top layer are the same, so that there is a dilemma on whether to broaden the diffraction bandwidth or increase LIDT. Therefore, a new multilayer structure of MDG is proposed here to seek higher average efficiency, broader bandwidth, and excellent fabrication tolerance. The high-index material in the HR mirror uses Ta 2 O 5 (n ¼ 2:12) to broaden the available reflection bandwidth, and the top layer is made of HfO 2 (n ¼ 1:96) to meet the high LIDT requirement; then an MDG with an average DE of >97:5% over the 110 nm bandwidth is obtained, as shown in Fig. 3(b) . Moreover, with such a multilayer structure, the high-index materials can be conveniently chosen, and each designed grating parameter has nice fabrication tolerance, which will be analyzed in detail later.
The higher average efficiency and broader bandwidth can be qualitatively explained as the lower index material weakens the modulation for incident light. And from the near-field electric-field distribution in and above the MDG structure [6] , it can be found that the maximum electric field, in general, is located in the grating ridge, and the amplitude of electric-field decreases in the z direction. So the utilization of Ta 2 O 5 in an HR mirror can ensure the final high LIDT of MDG. Contrarily, with HfO 2 (n ¼ 1:96) in an HR mirror and Ta 2 O 5 (n ¼ 2:12) in the top layer, the worst result, which has lowefficiency, narrow bandwidth, and low LIDT, would be obtained [as shown in Fig. 3(c)] .
Compared with the result in Ref. [28] , the fabrication tolerance of MDG with the multilayer structure given in Fig. 3(b) is significantly improved. Figure 4 illustrates the tolerance of (a) groove depth, (b) duty cycle, (c) the thickness of the match layer, and (d) the wavelength of reference light, correspondingly. The parameters are the same as in Fig. 3(b) . The top layer thickness is fixed at 466 nm (equal to groove depth 248 nm plus residual thickness 118 nm). Figure 4(a) indicates that when the the groove depth is from 230 nm to 275 nm, which is five times as wide as that in Ref. [28] , the bandwidth of MDG is wider than 100 nm with DE of over 97%. When the duty cycle is in the range 0:25 AE 0:03, the bandwidth and efficiency of the MDG can sufficiently meet design requirements. In the fabrication error range of the match layer thickness 75 nm to 110 nm and the reference light wavelength 840 nm to 880 nm, which are conveniently achieved in thin-film fabrication, the DE of MDG is more than 97% over the 100 nm wavelength range.
In conclusion, it is demonstrated in this section that the multiparameter optimization design method is effective to design broadband, high-efficiency MDG. Besides, a new multilayer structure comprising high-index material in an HR mirror and a relatively low-index material in the top layer is proposed, and MDG with such a multilayer structure exhibits high average efficiency, broad bandwidth, and relatively slight sensitivity to variations in each MDG parameter. These results are significant for designing and manufacturing the broadband, highefficiency MDG.
Metal Multilayer Dielectric Grating
The metal HR mirror is considered in the design of ultrabroadband PCG because not only does it typically provide broad reflection bandwidth, but also it reduces the total number of layers in the MMDG, which can reduce internal stress in a multilayer stack [20] . Besides, the few dielectric layers used in the grating structure are highly advantageous in inhibiting GMR emergence over a broad spectrum band. Therefore, as the method with most potential to realize ultrabroadband PCG, MMDG has attracted more and more attention. In this section we present the ultrabroadband MMDG design examples with two Fig. 4 . Dependence of the diffraction spectrum on (a) groove depth, (b) duty cycle, (c) the thickness of the match layer, and (b) the wavelength of reference light, correspondingly. The parameters of MDG are the same as in Fig. 3(b) . design methods introduced in Section 2. Furthermore, in order to seek the best tolerance of each MMDG parameter, we discuss several MMDG models with a different thin-film structure.
The MMDG design target is to design an ultrabroadband spectrum with high efficiency over a spectral range from 950 nm to 1150 nm for TE polarization light centered at 1053 nm at 60°incidence. Considering the feasibility of optogeometric mounting in a CPA compressor, the period of corrugation is chosen as 675:7 nm (1480 lines=mm). The metal HR is made of Ag (eM ¼ −51 þ 3:3i at 1053 nm), and the high-and low-index materials are HfO 2 (n ¼ 1:92) and SiO 2 (n ¼ 1:45), respectively. The multilayer structure of the MMDG is shown in Fig. 5 .
A. Example of Ultrabroadband MMDG Design
In the following two MMDG design examples, the multilayer structures are the same as that in Fig. 5 . The top layer is made of HfO 2 , and the match layer is made of SiO 2 .
Multiparameter Optimization Design
Minimum and maximum values of each parameter are set as f10 nm; 10 nm; 10 nm; 0:25g and f350 nm; 350 nm; 350 nm; 0:5g, respectively, in which the meaning of the parameter corresponding to each value has been defined in Section 2. The optimizing wavelength range is from 950 nm to 1150 nm, and the interval is 5 nm. Our best design result is f315 nm; 173 nm; 140 nm; 0:25g. Figure 6 illustrates the ultrabroad top-hat spectrum of MMDG. It is obtained that the diffraction bandwidth with average DE exceeding 97% has more than a 200 nm wide wavelength range.
Advanced Local Optimization Design
In this example, the groove depth and the match layer thickness are chosen for optimization, and the thickness of the residual top layer is fixed at 120 nm. The small duty cycle is conducive to the realization of the grating's broad diffraction bandwidth, so the fixed duty cycle is 0.25. Figure 7 shows the DE (solid curve) of MMDG at 1053 nm and the merit function MF b (dashed curve) denoting the bandwidth of MMDG with DE >95% as a function of groove depth versus the thickness of the match layer. The position labeled with the symbol "*" corresponds to the widest bandwidth. Consequently, the final groove depth and match layer thickness are chosen at 340 nm and 165 nm, respectively, and it is obtained that the ultrabroadband diffraction spectrum with DE is >96% in the wavelength range 950 nm to 1150 nm, as shown in Fig. 8 . Figure 9 shows the DE of MMDG as a function of groove depth versus (a) wavelength and (b) duty cycle versus wavelength. The fixed top layer thickness is 488 nm, and the other parameters are the same as those in Fig. 6 . Figure 9(a) shows that in the remarkably wide groove depth range, from 289 nm to 365 nm, DE is higher than 95% and the diffraction bandwidth is wider than 200 nm, which is very conducive to grating manufacturing. And in Fig. 9(b) , DE over 95% and bandwidth more than 200 nm can be realized in the duty cycle tolerance range 0.22 to 0.29, which is controllable in the grating fabrication process.
B. Fabrication Tolerance Analysis
C. Characteristics of MMDG with Different Thin-Film Structure
To seek the greater tolerance of each MMDG parameter, we investigate the other two kinds of MMDG with different thin-film structure but still with high-index material on top. The first MMDG model is only one layer of high-index material deposited on a metal HR mirror [as shown in Fig. 10(a) ], and for the second one, top layer is made of high-index material with a groove etched completely through it [as shown in Fig. 10(b) ]. Figure 10 shows the broadband spectra of both MMDG models optimized with the multiparameter design method. Both of them have a diffraction bandwidth over 200 nm with efficiency of >96%.
From the tolerance analysis of the groove depth, shown in Figs. 11(a) and 11(b) , the two MMDG models have smaller values than that given in section 4.B. And the tolerances of duty cycle for such two models are not evidently improved neither, as presented in Figs. 11(c) and 11(d) . To sum up, comparing these three kinds of MMDG models with high-index material on top, it is found that although they all can be used to design ultrabroadband diffraction spectrum, the model shown in Fig. 5 has the best tolerance in the grating etching process.
In order to further demonstrate that the use of lowindex material (SiO 2 , n ¼ 1:45) as a top layer would hardly yield high efficiency when the etching depth is shallower than 500 nm, Fig. 12 presents three classes of thin-film structure with SiO 2 on the top and also shows the effect of the groove depth and the thickness of the match layer on DE at the center wavelength 1053 nm, in which the highest efficiency is no more than 80%. Obviously, the use of a lowindex material (SiO 2 ) as the top layer is not suitable to design a broadband MMDG with a shallow groove depth (<500 nm).
In summary, two effective methods to design broadband MMDGs have been demonstrated. And six kinds of MMDG with different thin-film structure have been discussed in detail. It is shown that the MMDG with high-index material as a top layer can provide a high efficiency broadband spectrum, whereas those with low-index material as the top layer cannot yield the broadband spectrum. Furthermore, with the MMDG model, as shown in Fig. 5 , the designed parameters have the best tolerance for grating manufacturing.
Conclusion
Two effective methods to design broadband, highefficiency PCG are presented. The broad diffraction bandwidth based on both an all-dielectric multilayer grating and a metal-dielectric multilayer grating are obtained with multiparameter optimization or advanced local optimization combined with the diffraction bandwidth. For MDG, the bandwidth is up to 100 nm centered at 800 nm with average efficiency of >97:5%. And the ultrabroad bandwidth over a 200 nm wide wavelength centered at 1053 nm with average DE exceeding 97% is obtained in the MMDG model.
The characteristics of both MMG and MMDG with a different multilayer structure have been analyzed in detail to seek the best fabrication tolerance of each grating parameter. In MDG design, a new multilayer structure with higher index material (Ta 2 O 5 or TiO 2 ) in the HR mirror and a relatively lower index material (HfO 2 ) in the top layer is presented for the first time, based on which MDG would show higher efficiency, broader bandwidth, and better tolerance. In MMDG design, it is demonstrated that the MMDG model with the multilayer structure shown in Fig. 5 has the best fabrication tolerance.
